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ABSTRACT
The Asteroid Probe Experiment (APEX) is a mission to determine the interior structure of the Near-Earth Asteroid
Apophis and the response of that body to the tidal forces it experiences during a close encounter with the Earth.
Apophis will make a close encounter of the Earth in 2029 (approaching within 0.000245 ± 0.000060 AU, 36700 ±
9000 km or 5.7 ± 1.4 Earth radii, 3σ uncertainties), which is just below geosynchronous orbit. While this distance is
beyond the Roche limit and the asteroid is not expected to break up due to tidal forces, those tidal forces should be
sufficient to deform the body, reorient its rotation and produce deformation that will create seismic energy. The
baseline objectives of the mission include: (1) determine rotational dynamics, (2) establish physical dimensions, (3)
determine topography, (4) determine interior structure, and (5) define surface morphology. Additional objectives
could include the chemical and mineralogic composition and the surface physical properties. The mission will also
provide data needed to calibrate interpretations of Earth- and space-based astronomical observations and Earthbased radar observations of NEOs. We will employ a small spacecraft (Discovery or Deep Space Smallsat) that will
rendezvous with Apophis and conduct a suite of observations before and after Earth encounter and deploy a
seismometer on the surface. We have already examined a mission employing a spacecraft having a dry mass of
about 200 kg and are now examining if it is possible to conduct the mission using a Deep Space Smallsat concept.
As part of that analysis, we examine different types of propulsion (solar electric and chemical) and different
spacecraft concepts to determine the minimum spacecraft requirements necessary to achieve the scientific goals of
the mission.
.
INTRODUCTION

observations and deploy a seismometer before Earth
encounter and then repeat the remote sensing
observations after encounter to understand the effects of
the tidal forces exerted by the Earth on Apophis.

The Asteroid Probe Experiment (APEX) would be the
first mission to directly explore the interior structure of
a Near-Earth Asteroid (NEA), while also characterizing
its rotational, surface and interior properties. It will
investigate the asteroid (99942) Apophis, a particularly
intriguing object that will be influenced by tidal forces
during its close approach to the Earth in April 2029.
Apophis has an extremely small probability of
impacting the Earth in 2036. Apophis is also
characterized by a slowly tumbling rotation state that
may have been excited by tidal forces during previous
close encounters with the Earth.

The 2029 event presents a unique opportunity for a
spacecraft like APEX to observe surface changes in
high resolution and in real time while also investigating
the interior structure of a small body by exploiting the
dynamics of the event.
SCIENTIFIC RATIONALE
Asteroids and comets represent the dregs of the
accretionary processes, left over pieces of matter that
didn't manage to get together a quorum to build a planet
or were not around at the right time. Thus, they

We plan to launch a small spacecraft that will
rendezvous with Apophis, conduct a series of remote
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represent samples of the original solar system
accretionary matter. In some cases, such small bodies
remained more or less static until something bigger ran
into them and shattered them to pieces (Figure 1).
Catastrophic impacts seem to be a common experience
for NEOs, as evidences by the morphology of the few
that have been visited by spacecraft. After a
catastrophic impact, the pieces can re-collected to form
a rubble pile held together by cohesion or self-gravity
(e.g., Itokawa). In other cases, the body was large
enough that it was simply fractured rather than
shattered. In a few cases, the body was large enough to
evolve beyond its original state (e.g., Ceres, Vesta).
Understanding these processes provides insight into
how matter accretes.

these were not successful. Most recent studies of
seismology missions have assumed that the sensor
would be emplaced with a penetrator, however these
studies have shown that such a deployment is
complicated, particularly in light of the standard
approach to a seismometer - a mass and a spring. These
instruments must be leveled in order to work
complicating the deployment.
Apophis is an important target to visit as it provides a
unique opportunity to observe a small NEO during its
close encounter with the Earth (5.7 ± 1.4 Earth radii).
Such a close encounter maximizes the tidal forces on
the body and provides the prospect of understanding
how such encounters can change the surface
morphology of the NEO as well as its rotational
dynamics. The energy

Small bodies whose orbit crosses that of the Earth are
potential hazards as they can impact the Earth. If the
body is small enough or weak enough, it may simply
burn up in the atmosphere. If it is strong enough, it will
make it to the surface and become a general nuisance. It
has been suggested that it might be possible to deflect a
hazardous body if its orbit could be nudged at the right
time and far enough in advance. However, in terms of
understanding the potential effects of an impact or
attempting to deflect a small body, it is critical to
understanding whether the body is a threat and if it can
be moved.

Current estimates indicate that there are almost 1000
NEOs larger than 1 km in diameter and there are likely
to be >16,000 with a diameter >0.3 km [6-8]. An
impact of a 300 m diameter object, similar to Apophis,
would have continental scale implications releasing
about 2000 MT of energy.
The data collected from the APEX mission is directly
relevant to the priority and recommendations defined in
the NRC study Defending Planet Earth. The study
explicitly noted: "Detailed knowledge of the physical
characteristics of several representative NEOs would
improve understanding of the overall NEO population
and help the design and implementation of the
mitigation techniques that may be employed should an
NEO threaten Earth ..."
The study also developed a finding: "Rendezvous
spacecraft
missions
can
provide
detailed
characterization of NEOs that could aid in the design
and development of hazard mitigation techniques. Such
in situ characterization also allows the calibration of
ground- and space-based remote sensing data and may
permit increased confidence in the use of the remote
classification of NEOs to inform future mitigation
decisions."

Figure 1: Models of the possible internal
structure of asteroids. Modified from [1].
The only way to understand the detailed structure of the
interior of a large body is conduct active and passive
seismic experiments. Such experiments were conducted
on the Moon during Apollo [2] and provided data to
understand the shallow regolith as well as the deep
interior. If one wished to understand the interior of a
comet or asteroid, a seismological approach is the only
viable technique.

APOPHIS
Apophis is an NEA having an orbit geometry similar to
that of the Earth and it became an object of
considerable interest in 2004 when initial observations
suggested that it had a 2.7% chance of impacting the
Earth in 2029. Subsequent radar data collected in 2005
[9] led to a correction of the 2029 approach indicating
an encounter of only 36700 ± 9000 km 3σ, a distance
that is just below geosynchronous orbit and 28000 km
closer than predicted by the pre-radar ephemeris. An

Seismic studies of other planetary bodies have involved
large complicated instrumentation. The Apollo
seismometers were large instruments emplaced by the
Apollo astronauts. For Mars, the Discovery InSight
mission requires an entire spacecraft devoted to
deploying a single seismic station. A few smaller scale
experiments have been conducted - Vikings I and II [3]
and the Deep Space 2 / Mars Microprobe [4,5] - but
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impact at a future date remains possible [10-12]. Orbital
elements for Apophis are listed in Table 1.

be a contact binary with a highly irregular shape.
Thermal data [18] suggest that the surface has a thermal
inertia indicative of a combination of high-thermal
inertia rocks and a low-thermal inertia regolith. In
detail, the surface of Apophis may resemble that of
Itokawa (Figure 2).

Surface Characteristics
Apophis has been studied using Earth based radar and
astronomical techniques and its basic characteristics
have been defined (Table 1). The surface has not been
at high resolution and hence the details of the surface
morphology and characteristics are poorly understood
(Figure 1).

INSTRUMENTS
The fundamental objectives of the APEX mission are to
better understand the surface and interior of an NEA

Table 1. Apophis Orbital Characteristics
Parameter

Before

After

Eccentricity (e)

0.191116567578

0.188586010733

Semi-major axis (AU)

0.922432239776

1.101693916046

Inclination (°)

3.341355553915

2.234257393927

Distance to perihelion
(AU)

0.746140156287

0.893929043955

Distance to Aphelion
(AU)

1.098724323265

1.309456788136

Longitude of
ascending node (°)

204.618926447

204.293380282

Argument of
perihelion (°)

126.5495460

71.88936989

Revolution Period
(day)

323.5569

422.3182

Figure 2. Itokawa. Left: High-resolution view of
fine-grained material in Muses Sea. Right: View
of the entire body.
and to observe the tidal effects associated with the
close encounter of planetary body. Specifically, the
objectives include: (1) determine rotational dynamics,
Table 2:

Apophis Characteristics

Parameter

Data from Souchay et al. (2014)

Spectral data [13] in the 0.55 to 2.45 µm range indicate
Apophis is an Sq-class asteroid that closely resembles
LL ordinary chondrite meteorites. It has been suggested
[14, 15] the close encounters between asteroids and
planets that result in tidal deformations of the asteroid
can refresh the surface materials exposing unweathering
material from below. The general character of Apophis
is similar to that of other NEAs [17-18]. Recent
analysis of radar data [19] suggests that Apophis may

Value

Diameter (m)

430 ± 40
300 ± 30
260 ± 30

Mass (kg)

2 x 1010

Porosity (%)

40

Thermal Inertia (J
m2 s-0.5 K-1)

600

Albedo

0.3

Absolute
Magnitude H

19.1 ± 0.19

Rotation (hr)

27.38 ± 0.07

Precession (hr)

263 ± 6

(2) establish physical dimensions, (3) determine
topography, (4) determine interior structure, (5) define
surface morphology and (6) search for small moons.
These are the level 1 science objectives of the APX
mission and require only two instruments - an imaging
system and a surface emplaced seismometer. For a
Deep Space Smallsat mission, these are probably the
only instruments that could be included. If APEX were
conducted as a Discovery class mission there would be
considerably more payload potential and additional
objectives could include the chemical and mineralogic
composition and surface physical properties.
Figure 1. Apophis as observed by
Plescia
Herschel in 2013 at 70 μm (upper) and
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The instrument acquires seismic signals using a unique
sensor design. Seismic displacement is measured via
electrolyte flow through sensor plate, rather than the
more conventional designs that rely on a "mass on a
spring." This sensor was designed by Hongyu Yu at
Arizona State University. The sensing cell is filled with
an electrolyte fluid that passes through the sensing
element [20-21]. Motion of the fluid through the
element generates a current that is proportional to the
actual motion of the sensor. Several of these sensing
cells are packaged together to provide the motion in all
three axes as well as redundancy.

Level 1 Instruments
Panchromatic imaging: Defining the rotational period,
precession, and pole for Apophis requires imaging of
the entire body over a sufficient period of time to fully
define those aspects. In order to define the topography
of the body, it must be imaged in stereo under the
appropriate lighting conditions and geometry, as the
payload does not include an altimeter. In order to define
the rotational characteristics, before and after
encounter, Apophis must be observed for an extended
period of time. Given the current precession period of
263 hrs, we would observe the body for at least 5
precession cycles (about 50 days) to define the pole as
precisely as possible.

A key aspect of this design is that the instrument has no
moving parts and therefore does not require leveling.
The instrument can be coupled to the ground at any
angle. Thermal data indicate the presence of lowthermal inertia material - regolith - to allow the sensor
package to be emplaced into the surface.

The instrument required to produce this data set would
be a simple panchromatic framing camera with a pixel
scale of 10 cm. The relatively high pixel scale is driven
by the uncertainty in the scale of surface deformation
and modification that may occur and balances the
science objectives against instrument parameters and
mission complexity.

Level 2 Instruments
A Discovery class mission would allow additional
science objectives could be included that in turn would
require additional instrumentation.

Images would be acquired under a range of lighting
conditions. Near-terminator images are best for
defining details of the surface morphology. Near-noon
images provide information on the albedo of the surface
materials. Images taken over a range of illumination
conditions can provide information on the photometric
properties of the surface and thus information on the
particle size and surficial particle structure.

Multi-color/ multi-spectral imaging: In order to assess
the composition of surface, images at a range of
wavelengths are required. Acquiring data at different
wavelengths could be done with a simple set of filters
located at critical wavelength to define specific
absorptions. A simple three-wavelength observation
could be sufficient to define space weathering at several
wavelengths in the visible [e.g., 13-14]). Such an
instrument would replace the panchromatic imager
noted above. A multi- or hyper-spectral instrument that
would more precisely define the visible to near-infrared
reflectance spectra could also be considered, although
such implementations would increase the payload
requirements.

Seismometer: In order to understand the interior
structure, a seismic technique must be employed. In the
case of a Deep Space Smallsat mission, a single
seismometer would be emplaced on the surface. This
would allow for a passive experiment in which the
internal deformation and surface thermal effects would
produce the seismic signals to probe the interior. A
larger Discovery class mission would allow for the
deployment of multiple seismometers and well as to
possibly conduct an active seismic experiment.

Thermal imaging: The thermal properties of the
surface of Apophis are important in terms of
understanding the physical structure of the surface and
at shallow depths, how materials endure thermal fatigue
[22] and how processes such as Yarkovsky–O’Keefe–
Radzievskii–Paddack (YORP) can modify Apophis'
orbit. In this case, the instrumentation could consist of a
simple bolometer to measure surface temperature.
Alternatively

The seismometer must be emplaced such that it is well
coupled to the ground. Given that the instrument must
operate over a period of several months, it requires
solar cells for power. Additionally, the instrument must
record the seismic signals and transmit them to the
spacecraft. In order to minimize thermal effects, the
instrument package resembles a golf tee and it will be
emplaced into the surface regolith with only a small
portion of the device exposed (the solar cells and
antenna).
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(GRS) needs to be located within 0.5 body radii for at
least tens of hours [27] This would require closeproximity operations either by the main spacecraft. We
are currently developing a miniature (2.5 kg), highpurity Ge (HPGe) gamma-ray spectrometer [28] that
would both provide high-precision composition
measurements and fit within this type of resourceconstrained mission.

was assumed with an arrival in 2013. The spacecraft
had a mass of 370 kg and a transfer orbit of 900 days
long. Upon arrival the spacecraft would have been
placed in a terminator orbit at various altitudes <1 km.
The primary science experiment was radio science.
[31] considered a mission to "radio tag" Apophis and
included a laser altimeter and a multispectral imager. A
spacecraft and transfer stage were proposed with a total
launch mass of about 1600 kg. The spacecraft itself had
a dry mass of 90 kg plus 10 kg of payload; total wet
mass amounted to 220 kg.

SPACECRAFT
In order to successfully complete the proposed mission,
the basic requirements of the APEX mission, the
spacecraft must include an ability to circumnavigate the
Sun en route to Apophis, to rendezvous and then station
keep with or orbit around Apophis, to deploy a
seismometer onto the surface and then collect the
science data. The spacecraft must maintain proximity to
Apophis for a period of time that allows for complete
mapping and determination of rotational dynamics and
seismometer deployment before Apophis' closest
approach to Earth, through the encounter, and then for a
period sufficient to remap the surface and determine
rotational dynamics after the encounter. This period
would amount to at least several months. Sufficient
power must be available for the instruments, to operate
the spacecraft and to transmit data to the Earth. One
advantage of this mission concept, is that the critical
mission phase will occur close to the Earth and thus
high data rate transmitter power will be minimized.
Missions of different classes could be employed to
conduct the APEX mission ranging from Deep Space
Smallsats to Discovery, with corresponding ranges of
performance. We have already examined the case for a
Discovery class mission and are currently examining
the case for a Deep Space Smallsat concept.

Similar missions to other small bodies include the now
cancelled Don Quixote mission [32-34] that was
designed to test the possibility of deflecting an asteroid.
Don Quixote was composed of two spacecraft - an
impactor and a rendezvous spacecraft. The mission
would have employed a xenon ion engine with a total
spacecraft mass of the order 500 kg (wet). Another
APEX-like small satellite mission is the APL Double
Asteroid Redirection Test (DART) that will impact the
moon of the binary asteroid Didymos. That mission has
a dry mass of 185 kg.
As noted, we have already examined a mission concept

Previously, several missions, explicitly targeted to
Apophis have been studied. [29] described a mission
concept that would have launched in 2012 and
rendezvoused with Apophis in 2014. The mission
objectives and rationale of that mission closely parallel
those of the APEX mission, except that they did not
include a surface instrument. That mission included a
spacecraft and transfer stage. Dry spacecraft mass
amounted to 110 kg, with 100 W of power. The transfer
stage had a dry mass of 376 kg. Combined, including
propellant, the system had a mass of 1355 kg. The
instrument suite consisted of a set of visible and
thermal imaging systems and a laser altimeter with a
total payload mass of the 6-7 kg.

Figure 3. Oblique view of the spacecraft
showing the arms and solar panel in a
stowed configuration.
using a Discovery class spacecraft (mass ~ 300-400 kg)
and we are currently studying a concept for a Deep
Space Smallsat spacecraft (<200 kg). Figure 3
illustrates the Discovery class spacecraft concept. The
spacecraft has a total dry mass of 195 kg (with margin)
including the sensors. The average mass margin is
about 11%. The main bus is square, 0.65 x 0.65, and
about 1.1 m tall. Power is supplied by two solar arrays

[30] proposed a low-cost mission to orbit Apophis. That
mission employed solar electric propulsion (SEP). The
required delta-v amounted to 5.6 km s-1 and thus
precluded use of a chemical propulsion system with
such a small spacecraft design. A launch date of 2011
Plescia
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that are deployed after launch. Table 3 lists the mass
breakdown.

surface to produce a global shape mosaic and accurately
define the rotational parameters, locate a site for
emplacement of the seismometer and deploy the
seismometer, station keep with Apophis through Earth
counter and then remap the surface and define the
rotational parameters to define any changes.

One of the primary objectives of this mission is to
deploy a seismometer on the surface. In the concept
illustrated in Figures 3 and 4, the seismometer package
is deployed using arms attached to the spacecraft.
During launch and cruise, the arms are folded against
the spacecraft. Upon arrival at the target body, once a
survey has been made to identify appropriate locations,
an arm is unfolded. The spacecraft then maneuvers up
to the body and presses the instrument package against
the surface.

Table 3. Flight System Mass Summary

The spacecraft thrust system is used to press the
seismometer package into the regolith to ensure that it
has sufficient coupling. Figure 5 illustrates the concept
with an arm deployed as a sensor package is emplaced
on the surface.

Cont.
(%)

Structure

52

10

Integrated Propulsion

16

3

Avionics

11

4

Attitude Control

12

7

Thermal Control

4

15

RF Communications

4

6

Harness

11

10

Spacecraft Bull

136

8

Instruments

42

15

Total Dry Mass

174

10

While we need to arrive at Apophis several months
before the asteroid's closest approach the Earth, we
could arrive much earlier. An effective zero-g
environment is assumed, given the estimated size of the
small body (~300 m), which allows simpler spacecraft
maneuvers and minor propulsion to approach the small
body. Once the instrument is emplaced on the body’s
surface, the instrument package becomes autonomous.
The instrument package communicates with the APEX
spacecraft, and the APEX spacecraft communicates
with the Earth.

Figure 4. Two side and one vertical view of the
spacecraft design. Dimensions are in mm
(inches). The vertical view shows the top of the
spacecraft with the imaging system.

While these are the basic elements of the nominal
baseline mission, they do not reflect the details of the
viewing and encounter geometries. Apophis is tumbling
with a non-principal axis of rotation. It has a rotational
period of 263 ± 6 h and a precession period of 27.38 ±
0.07 h [35]. This rotational state and the irregular shape
will complicate the viewing and will require detailed
planning in order to observe the entire body in stereo
such that we can define the shape model and rotational
parameters. The tumbling state of Apophis will also
require careful orchestration of the spacecraft in terms
of deploying the seismometer. We will need to develop
an understanding of the imaging and spacecraft
pointing and stability requirements that would be
required to define changes in the obliquity and
precession rate during encounter.

This concept also allows the sensor to be placed in a
different location if it cannot be coupled to the surface.
In Figures 3 and 4, the sensor package is illustrated as a
tetrahedron with spikes on the base. As noted above, a
different concept is currently being considered. Once
the sensor is emplaced, the arm releases at an attach
point on the instrument. Once the spacecraft has moved
off, the arm can be jettisoned.
CONOPS
The basic elements of the concept of operations
(conops) to achieve the nominal baseline science
include rendezvous with Apophis, image the entire
Plescia
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Station keeping or orbiting a small body, in the nearEarth environment, is challenging as the spacecraft will
be small and subject to orbit perturbations, the
spacecraft will possibly need to navigate to within a
few meters of the surface to deploy the seismometer
and the distance between the spacecraft and Apophis

References

Figure 5. Illustration of the spacecraft deploying a
seismometer. The spacecraft is hovering over the
surface, its solar panels extended. A seismic package
is at the end of a boom to be deployed on the
surface.
held as constant as possible for uniform mapping.

1.

Walker, J.D., et al., "A Preliminary Analysis of
Seismological Techniques to Study Eros and
Other Asteroids," Advances in Space Research,
vol. 37, 142-152, 2006.

2.

Nakamura, Y., et al., "Apollo Lunar Seismic
Experiment - Final Summary," Proceedings
Thirteenth Lunar Planetary Science Conference,
Part I, Journal Geophysical Research, vol. 87,
A117-A123, 1982.

3.

Anderson, D. L., et al., "Seismology on Mars,"
Journal Geophysical Research, vol. 82, 45244546, 1977.

4.

Smrekar, S., et al., "Deep Space 2: The Mars
Microprobe Mission," Journal Geophysical
Research, vol. 104, No. E11, 27013-27030, 1999.

5.

Gavit, S.A., and G. Powell, "The New
Millennium
Program's
Mars
Microprobe
Mission," Acta Astronautica, vol. 39, No. 1-4,
273-280, 1996.

6.

Harris, A.W., "The NEO Population, Impact
Risk, Progress of Current Surveys, and Prospects
for Future Surveys," Presentation to the
Survey/Detection Panel of the NRC Committee
to Review Near-Earth Object Surveys and
Hazard Mitigation Strategies, January 28-30,
2009.

7.

Stokes, G., et al., "A Study to Determine the
Feasibility of Extending the Search for Near
Earth Objects to Smaller Limiting Magnitudes,"
Report prepared at the request of NASA
Headquarters Office of Space Science’s Solar
System Exploration Division, 2003.

8.

NASA PA&E (NASA Office of Program
Analysis and Evaluation), Near Earth Object
Survey and Deflection Analysis of Alternatives.
Report to Congress. March. NASA, Office of
Program Analysis and Evaluation, Washington,
D.C., 2007.

9.

Giorgini, J.D., et al., 2008, "Predicting the Earth
Encounters of (99942) Apophis," Icarus, vol.
193, 1-19, 2008.

10.

Chesley, S.R., "Potential Impact Detection for
Near-Earth Asteroids: The Case for 99942
Apophis (2004 MN4)," Asteroids, Comets,
Meteors, IAU Symposium 229, 2005

11.

Chesley, S.R., et al., "Yarkovsky-Driven Impact
Predictions: Apophis and 1950 DA," Amer.
Astron. Soc., DPS Meeting, abstract 106.08,
2013.

SUMMARY
The Asteroid Probe Experiment (APEX) would be the
first mission to directly explore the interior structure of
a Near-Earth Asteroid (NEA), while also characterizing
its rotational, surface and interior properties. It will
investigate the asteroid (99942) Apophis, a object that
will be influenced by tidal forces during its close
approach to the Earth in April 2029.
The level 1 science objectives include: (1) determine
rotational dynamics, (2) establish physical dimensions,
(3) determine topography, (4) determine interior
structure, (5) define surface morphology and (6) search
for small moons. These objectives can all be
accomplished using two instruments: an imaging
system and a surface-emplaced seismometer.
The mission can easily be accomplished within the
context of a Discovery class mission. Currently, we are
evaluating whether these objectives can be
accomplished with a Deep Space Smallsat capability.
Acknowledgments
We are grateful to the NASA Innovative Advanced
Concepts (NIAC) and the NASA Deep Space Smallsat
study programs for funding to explore and characterize
these missions.

Plescia

7

31st Annual AIAA/USU
Conference on Small Satellites

12.

Vokrouhlický, D. et al., The Yarkovsky Effect
for 99942 Apophis, Icarus, vol. 252, 277-283,
2015.

13.

Binzel, R.P., et al., "Spectral Properties and
Composition of Potentially Hazardous Asteroid
(99942) Apophis," Icarus, vol. 200, 480-485,
2009.

14.

Binzel, R.P, et al., "Earth Encounters as the
Source of Fresh Surfaces on Near-Earth
Asteroids," Nature, vol. 463, 331-334, 2010.

Journal Geophysical Research, vol. 111, E12007,
10.1029/2005JE002656, 2006.
25.

Peplowski, P.N., "Variations in the Abundances
of Potassium and Thorium on the Surface of
Mercury: Results from the MESSENGER
Gamma-Ray Spectrometer," Journal Geophysical
Research
Planets,
vol.
117,
E00L04,
10.1029/2012JE004141, 2012.

26.

Evans, L.G., et al., "Major-Element Abundances
on the Surface of Mercury: Results from the
MESSENGER
Gamma-ray
Spectrometer,"
Journal Geophysical Research Planets, 117,
E00L07, 10.1029/2012JE004178, 2012.

27.

Peplowski, P.N., "The Global Elemental
Composition of 433 Eros: First Results from the
NEAR Gamma-ray Spectrometer Orbital
Dataset,"
Planetary
Space
Science,
doi:10.1016/j.pss.2016.10.006, 2016.

28.

Lawrence, D.J., et al., "GeMini Plus: A Low
Resource,
High
Precision
Gamma-ray
Spectrometer
for
Planetary
Composition
Measurements," International Workshop on
Instrumentation for Planetary Missions (IPM2014), Abstract #1092, 2014.

15.

DeMeo, F., et al., "Mars Encounters Cause Fresh
Surfaces on Some Near-Earth Asteroids," Icarus,
vol. 227, 112-122, 2014.

16.

Cellino, A., et al., "Albedo and Size of (99942)
Apophis from Polarimetric Observations," Near
Earth Objects, our Celestial Neighbors:
Opportunity and Risk, Proc. IAU Symposium
No. 236, 2006, 451-454, 2007.

17.

Delbo, M., et al., "Albedo and Size
Determination
of
Potentially
Hazardous
Asteroids: (99942) Apophis, Icarus, vol. 188,
266-269, 2007.

18.

Müller, T. G., et al., 2014, "Thermal Infrared
Observations of Asteroid (99942) Apophis with
Herschel," Astronomy and Astrophysics, vol.
566, A22, 10 pp.

29.

19.

Brozović, M. et al., Presentation IAA Planetary
Defense Conference, May 15-19, 2017, Tokyo,
Japan, 2017.

Chartres, J., et al., "Small Satellite Rendezvous
and Characterization of Asteroid 99942
Apophis," SSC09-IV-3, 2009.

30.

20.

Yu, H., et al., "Flexible Polymer Sensors for In
Vivo Intravascular Shear Stress Analysis,"
Journal Microelectronic Systems, vol. 17, 11781186, 2009.

de Pascale, P., and M. Khan, "Design of a CloseProximity
Observation
Mission
for
99942/Apophis," IAC-07-A35.09, 9 pp., 2007

31.

21.

Hai Huang B.C., et al. "Development of a
Microseismometer
Based
on
Molecular
Electronic Transducers Technology for Planetary
Exploration," The 26th IEEE International
Conference on Micro Electro Mechanical
Systems (IEEE MEMS 2013), 2013.

Charania, A. C., et al., "Foresight: Designing a
Radio Transponder Mission to Near Earth
Asteroid Apophis," Presentation 2009 IAA
Planetary Defense Conference, 27-30 April,
2009, Granda, Spain, 2009.

32.

Carnelli, I., et al., "Don Quijote: A NEO
Deflection Precursory Mission," ESA Study,
2005.

33.

Gálvez, A, et al., "Objectives and Model Payload
Definition for NEO Human Mission Studies,"
European Planetary Science Conference, 6,
EPSC-DPS2011-1868, 2011.

34.

Gálvez, A., and I. Carnelli, "ESA Studies on the
Don Quijote NEO Mission: Dealing with Impact
Uncertainties," Proceedings of the 56th
International Astronautical Congress, Fukuoka,
Japan, October 2005, Paper IAC-05-Q.P.21,
2005.

35.

Pravec, P., et al., "The Tumbling Spin State of
(99942) Apophis," Icarus, vol. 233, 48-60, 2014.

22.

Delbò, M. et al., "Thermal Fatigue as the Origin
of Regolith on Small Asteroids," Nature, vol.
508, 233–236, 2014.

23.

Lawrence, D.J., et al., "Iron Abundances on the
Lunar Surface as Measured by the Lunar
Prospector
Gamma-ray
and
Neutron
Spectrometers," Journal Geophysical Research
Planets,
107,
(#E12),
5130,
10.1029/2001JE001530, 2002.

24.

Prettyman, T. H., et al., "Elemental Composition
of the Lunar Surface: Analysis of Gamma Ray
Spectroscopy Data from Lunar Prospector,

Plescia

8

31st Annual AIAA/USU
Conference on Small Satellites

